We investigated a new cold-work tool steel with a low Cr content of 6 wt. % which was designed based on thermodynamic calculation to minimize the formation of primary carbide. A smaller particle size and a smaller volume fraction of carbides were observed in this 6% Cr steel. Superior mechanical properties in terms of hardness, impact toughness, tensile strength, and total elongation were achieved in this steel, due to fine secondary carbides precipitated during tempering. These carbide particles were M 6 C and (Mo,V)C carbides with a diameter below 100 nm.
Introduction
The recent trend in the automotive industry is to enhance the use of advanced high-strength steel (AHSS), which reduces the weight of vehicles and improves fuel efficiency. Simultaneously, the use of high-strength tool steels is required for various metal working processes, e.g., press forming or drawing. For an effective metal working process, basically, the strength of tool steels should be higher than that of AHSS which is fabricated using the tool steels. This means that the development of tool steels tends to take precedence over the development of AHSS as there is a huge demand for AHSS with a strength higher than 1 GPa.
The tool steels mainly consist of high C, high Cr, and other carbide-forming elements such as Mo, V, and W [1] [2] [3] . The mechanical properties of the tool steels can be influenced by altering the tempering condition, which is related to the type and amount of carbides formed during tempering. For instance, a tempered STD11 steel, widely used as a representative of cold-work tool steel, has a high hardness over 58 HRC and a good wear resistance due its high carbide content in the tempered martensite matrix. However, some transition carbides can act as crack initiation sites, which lower the toughness of the product [4, 5] . It has been reported that the primary carbide formed and coarsened can be elongated during hot deformation, which causes vacancy formation and crack initiation due to the anisotropy of the elongated shape of the carbide [6] .
Recently, the development trend of the cold-work tool steels is to reduce the amounts of C and Cr, to decrease the volume fraction and size of the primary carbides [7] [8] [9] [10] [11] . These steels with a lower Cr content have better mechanical properties, because the formation of primary carbide is suppressed, compared to STD11 steel. Kim et al. developed a cold-work tool steel containing 8 wt. % Cr, which was designed based on thermodynamic calculations to avoid the primary carbide [11] . However, they observed some amounts of primary carbide in the proposed 8% Cr steel specimen.
Therefore, in the present work, we developed a new cold-work tool steel with a Cr content of 6 wt. %. The reduced Cr content was designed to inhibit the formation of the primary carbide as much as possible. The expected strength decrease due to the reduction of Cr content was complemented by increasing the amounts of carbide-forming elements, such as Mo, V, and W. The mechanical properties and microstructural features of the developed 6% Cr cold-work steel were evaluated in comparison with those of STD11 steel after a conventional quenching and tempering treatment.
Materials and Methods
The chemical composition of the steels used in this study is shown in Table 1 . The base contents of C and Cr in the newly designed steel alloy were 0.9 wt. % and 6.0 wt. %, respectively (hereinafter referred to as "Cr6C9" steel). The commercial STD11 steel was used to evaluate the Cr6C9 steel. Then 30 kg of the Cr6C9 steel ingot was fabricated by vacuum induction melting (VIM). The ingot was homogenized at 1150 • C for 1 h and hot-forged to remove the cast structure. The forged plate was annealed at 870 • C for 4 h, followed by furnace cooling for spheroidization. Charpy U-notched specimens and ASTM E8 sub-size tensile specimens with the gauge length of 25.4 mm and the thickness of 1.5 mm were prepared from the spheroidized plate. The machined specimens were austenitized at 1030 • C for 30 min in a vacuum tube furnace under the vacuum condition and then air-cooled to room temperature. The tempering treatment was carried out at 520 • C for 2 h twice, indicating 4 h tempering in total. The microstructure of the tempered specimens was observed under an optical microscope (OM, Leica Co., DM ILM, Wetzlar, Germany) and a field emission emitter scanning electron microscope (FE-SEM, Hitachi Co., SU-70, Tokyo, Japan). The samples were mechanically polished to 1 µm and etched in the Vilella etchant (0.6 g picric acid + 3 mL HCl + 97 mL ethanol). Carbon replica samples were prepared to observe small carbides below 500 nm in diameter by means of a transmission electron microscope (TEM, JEM-2010, JEOL, Ltd, Tokyo, Japan) with an energy dispersive spectrometer (EDS). The volume fraction of retained austenite was determined using X-ray diffraction (XRD, RIGAKU MAX-2500, Rigaku Co., Tokyo, Japan) with Cu Kα radiation. The equation to calculate the volume fraction of retained austenite is mentioned in detail in reference [10] . Room temperature tensile test was carried out with a strain rate of 1 × 10 −3 s −1 using Instron 5982 testing machine (Instron, Norwood, MA, USA). The hardness of the tempered specimens was measured on the Rockwell hardness C scale. The Charpy U-notch impact test was carried out to evaluate the impact toughness. Figure 1 shows the temperature-dependent equilibrium phase volume fractions for the Cr6C9 and STD11 steels determined by means of the MatCalc software [12] . The database of "mc_fe_v2.057.tdb" is used for the thermodynamic calculations in MatCalc. The solidification temperature and the initial temperature required to form the primary carbide were compared. In the STD11 steel, the solidification temperature was 1248 • C, but the primary M 7 C 3 carbide appeared at the higher temperature of 1252 • C. It indicates that the M 7 C 3 carbide can be precipitated before the full solidification and the precipitates easily coarsened during the following thermo-mechanical processing, which had a damaging influence on the mechanical properties. The solidification in the Cr6C9 steel was completed at 1244 • C, similar to the STD11 steel. As the temperature decreased, M 6 C carbide was precipitated at 1196 • C and M 7 C 3 carbide was precipitated at 1110 • C, successively. The carbide precipitation appeared at a temperature lower than the solidification temperature in the Cr6C9 steel. It is presumed that this temperature gap effectively suppressed the formation of the primary carbide, which appeared during solidification. The main alloy design concept of the Cr6C9 steel was to lower the carbide initiation temperature below the solidification temperature as much as possible in order to minimize the actual volume fraction and size of the primary carbide after quenching and tempering. Figure 2 shows the optical micrographs of the tempered Cr6C9 and STD11 specimens. The carbides in white were observed in the tempered martensite matrix. The volume fraction of carbides in the STD11 specimen was relatively larger than that in the Cr6C9 specimen, which is due to the difference in the volume fraction of the primary carbide. According to the calculated phase fraction in Figure 1 , no primary carbide should exist in the Cr6C9 specimen. It is thought that a small amount of the primary carbide was precipitated during solidification in the Cr6C9 steel due to the non-equilibrium reaction and alloy segregation [11] . Figure 3 shows the SEM images of the tempered Cr6C9 and STD11 specimens. Spherical carbide particles with a diameter of less than 0.5 μm were observed in the Cr6C9 specimen whereas carbide particles larger than 1 μm in diameter were observed in the STD11 specimen. These large carbide particles seem to come from the precipitation of primary M7C3 carbide in the solidification or austenitization treatment [13, 14] . This can be inferred from the equilibrium phase fraction for the STD11 steel as shown in Figure 1b . The smaller size and reduced amount of carbides observed in the Cr6C9 specimen resulted from the reduced amounts of C and Cr [1, 11] . Figure 2 shows the optical micrographs of the tempered Cr6C9 and STD11 specimens. The carbides in white were observed in the tempered martensite matrix. The volume fraction of carbides in the STD11 specimen was relatively larger than that in the Cr6C9 specimen, which is due to the difference in the volume fraction of the primary carbide. According to the calculated phase fraction in Figure 1 , no primary carbide should exist in the Cr6C9 specimen. It is thought that a small amount of the primary carbide was precipitated during solidification in the Cr6C9 steel due to the non-equilibrium reaction and alloy segregation [11] . Figure 3 shows the SEM images of the tempered Cr6C9 and STD11 specimens. Spherical carbide particles with a diameter of less than 0.5 µm were observed in the Cr6C9 specimen whereas carbide particles larger than 1 µm in diameter were observed in the STD11 specimen. These large carbide particles seem to come from the precipitation of primary M 7 C 3 carbide in the solidification or austenitization treatment [13, 14] . This can be inferred from the equilibrium phase fraction for the STD11 steel as shown in Figure 1b . The smaller size and reduced amount of carbides observed in the Cr6C9 specimen resulted from the reduced amounts of C and Cr [1, 11] . Figure 2 shows the optical micrographs of the tempered Cr6C9 and STD11 specimens. The carbides in white were observed in the tempered martensite matrix. The volume fraction of carbides in the STD11 specimen was relatively larger than that in the Cr6C9 specimen, which is due to the difference in the volume fraction of the primary carbide. According to the calculated phase fraction in Figure 1 , no primary carbide should exist in the Cr6C9 specimen. It is thought that a small amount of the primary carbide was precipitated during solidification in the Cr6C9 steel due to the non-equilibrium reaction and alloy segregation [11] . Figure 3 shows the SEM images of the tempered Cr6C9 and STD11 specimens. Spherical carbide particles with a diameter of less than 0.5 μm were observed in the Cr6C9 specimen whereas carbide particles larger than 1 μm in diameter were observed in the STD11 specimen. These large carbide particles seem to come from the precipitation of primary M7C3 carbide in the solidification or austenitization treatment [13, 14] . This can be inferred from the equilibrium phase fraction for the STD11 steel as shown in Figure 1b . The smaller size and reduced amount of carbides observed in the Cr6C9 specimen resulted from the reduced amounts of C and Cr [1, 11] . The various carbides with different sizes in the tempered Cr6C9 specimen were investigated by TEM analysis and the results are compared to the corresponding result. The selected area electron diffraction (SAED) pattern and EDS result confirmed that coarse carbide particles larger than 200 nm in diameter had a high Cr level and a trigonal crystal structure, as shown in Figure 4a . It is reported that the M7C3 carbide has enriched Cr content with a trigonal crystal structure [3, 15] . This carbide is considered as a M7C3 precipitate. This is typically precipitated during solidification and is relatively more coarsened compared with other carbides; thus, it is hard to fully dissolve in a high-temperature heat treatment. The chemical composition in the M7C3 carbide at 520 °C predicted using MatCalc calculations is 9.8 at. % Fe-53.5 at. % Cr-2.9 at. % Mn-1.1 at. % Mo-2.4 at. % V-0.3 at. % W-30 at. % C. Figure 4b shows a carbide particle with a diameter of about 100 nm, containing high Mo and W contents with a face-centered cubic (FCC) crystal structure confirmed by the SAED pattern and EDS result. This precipitate is considered as the M6C carbide [3] . The chemical composition in the M6C carbide at 520 °C predicted using MatCalc calculations is 29.5 at. % Fe-37.7 at. % Mo-13.2 at. % W-3.0 at. % Cr-2.2 at. % V-0.1 at. % Si-14.3 at. % C. The M23C6 carbide also has a FCC crystal structure, but it has a very high Cr content. The chemical composition in the M23C6 carbide at 520 °C predicted using MatCalc calculations is 24.8 at. % Fe-44.3 at. % Cr-9.8 at. % Mo-0.4 at. % Mn-0.7 at. % C. A small carbide particle with a diameter of less than 50 nm is shown in Figure  4c . The SAED pattern confirms the FCC crystal structure and the EDS result indicates a high concentration of Mo and V, but Cr was undetected. This carbide particle is considered as (Mo,V)C, not M23C6, because it is reported that M23C6 contains the enriched Cr [8, 16] and the MatCalc calculation also shows enriched Cr in the M23C6. The equilibrium chemical composition in the (Mo,V)C carbide at 520 °C predicted using MatCalc calculations is 36.1 at. % V-15.0 at. % V-2.3 at. % W-46.6 at. % C. It is thought that carbides with a diameter of less than 100 nm, as observed in Figure  4b ,c, are the secondary carbides precipitated during tempering at a high temperature of 520 °C. These fine carbide particles consist of high concentrations of Mo, V, and W, which could contribute to the improvement of strength and hardness. Figure 5 compares the mechanical properties of the tempered Cr6C9 and STD11 specimens. The Cr6C9 specimen indicated a higher hardness value due to the higher contents of Mo, V, and W, even though the C and Cr contents were decreased. The increase of hardness by forming carbide particles with Mo, V, and W is well known as the secondary hardening effect. The impact toughness of the Cr6C9 specimen was two times higher than that of the STD11 specimen. As confirmed by the microstructure images, a higher volume fraction of coarse primary carbides in the STD11 specimen brought about the lower impact toughness value. The Cr6C9 specimen was superior in the tensile properties to the STD11 specimen because of the work-hardening effect related to the fine secondary carbides, which had strong carbide-forming elements such as Mo, V, and W [17] . Also, it is thought that the better elongation of the Cr6C9 specimen results from the suppressed formation of the primary carbide. The measured volume fraction of retained austenite determined by XRD analysis for both the tempered Cr6C9 and STD11 specimens before deformation was less than 2 vol. % since the tempering temperature of 520 °C was high enough to decompose the retained austenite into The various carbides with different sizes in the tempered Cr6C9 specimen were investigated by TEM analysis and the results are compared to the corresponding result. The selected area electron diffraction (SAED) pattern and EDS result confirmed that coarse carbide particles larger than 200 nm in diameter had a high Cr level and a trigonal crystal structure, as shown in Figure 4a . It is reported that the M 7 C 3 carbide has enriched Cr content with a trigonal crystal structure [3, 15] . This carbide is considered as a M 7 C 3 precipitate. This is typically precipitated during solidification and is relatively more coarsened compared with other carbides; thus, it is hard to fully dissolve in a high-temperature heat treatment. The chemical composition in the M 7 C 3 carbide at 520 • C predicted using MatCalc calculations is 9.8 at. %Fe-53.5 at. %Cr-2.9 at. %Mn-1.1 at. %Mo-2.4 at. %V-0.3 at. %W-30 at. %C. Figure 4b shows a carbide particle with a diameter of about 100 nm, containing high Mo and W contents with a face-centered cubic (FCC) crystal structure confirmed by the SAED pattern and EDS result. This precipitate is considered as the M 6 C carbide [3] . The chemical composition in the M 6 C carbide at 520 • C predicted using MatCalc calculations is 29.5 at. %Fe-37.7 at. %Mo-13.2 at. %W-3.0 at. %Cr-2.2 at. %V-0.1 at. %Si-14.3 at. %C. The M 23 C 6 carbide also has a FCC crystal structure, but it has a very high Cr content. The chemical composition in the M 23 C 6 carbide at 520 • C predicted using MatCalc calculations is 24.8 at. %Fe-44.3 at. %Cr-9.8 at. %Mo-0.4 at. %Mn-0.7 at. %C. A small carbide particle with a diameter of less than 50 nm is shown in Figure 4c . The SAED pattern confirms the FCC crystal structure and the EDS result indicates a high concentration of Mo and V, but Cr was undetected. This carbide particle is considered as (Mo,V)C, not M 23 C 6 , because it is reported that M 23 C 6 contains the enriched Cr [8, 16] and the MatCalc calculation also shows enriched Cr in the M 23 C 6 . The equilibrium chemical composition in the (Mo,V)C carbide at 520 • C predicted using MatCalc calculations is 36.1 at. %V-15.0 at. %V-2.3 at. %W-46.6 at. %C. It is thought that carbides with a diameter of less than 100 nm, as observed in Figure 4b ,c, are the secondary carbides precipitated during tempering at a high temperature of 520 • C. These fine carbide particles consist of high concentrations of Mo, V, and W, which could contribute to the improvement of strength and hardness. Figure 5 compares the mechanical properties of the tempered Cr6C9 and STD11 specimens. The Cr6C9 specimen indicated a higher hardness value due to the higher contents of Mo, V, and W, even though the C and Cr contents were decreased. The increase of hardness by forming carbide particles with Mo, V, and W is well known as the secondary hardening effect. The impact toughness of the Cr6C9 specimen was two times higher than that of the STD11 specimen. As confirmed by the microstructure images, a higher volume fraction of coarse primary carbides in the STD11 specimen brought about the lower impact toughness value. The Cr6C9 specimen was superior in the tensile properties to the STD11 specimen because of the work-hardening effect related to the fine secondary carbides, which had strong carbide-forming elements such as Mo, V, and W [17] . Also, it is thought that the better elongation of the Cr6C9 specimen results from the suppressed formation of the primary carbide. The measured volume fraction of retained austenite determined by XRD analysis for both the tempered Cr6C9 and STD11 specimens before deformation was less than 2 vol. % since the tempering temperature of 520 • C was high enough to decompose the retained austenite into ferrite and cementite [6, 8, 9] . Thus, the effect of the retained austenite on the mechanical properties is negligible depending on the steel alloy composition. ferrite and cementite [6, 9, 18] . Thus, the effect of the retained austenite on the mechanical properties is negligible depending on the steel alloy composition. ferrite and cementite [6, 9, 18] . Thus, the effect of the retained austenite on the mechanical properties is negligible depending on the steel alloy composition. Figure 6 shows the SEM image of the fracture surface of the Charpy impact testing specimen. The fine carbide was observed at the fracture surface in the Cr6C9 specimen whereas the coarse carbide was observed at the fracture surface in the STD11 specimen. It is reported that the crack can easily initiate and propagate near coarse carbide, resulting in fracture, as the stress is applied [18, 19] . Hence, the lower impact toughness value was caused by the coarse carbide in the tempered STD11 specimen. Figure 6 shows the SEM image of the fracture surface of the Charpy impact testing specimen. The fine carbide was observed at the fracture surface in the Cr6C9 specimen whereas the coarse carbide was observed at the fracture surface in the STD11 specimen. It is reported that the crack can easily initiate and propagate near coarse carbide, resulting in fracture, as the stress is applied [19, 20] . Hence, the lower impact toughness value was caused by the coarse carbide in the tempered STD11 specimen. 
Results and Discussion

Conclusions
A new cold-work tool steel with a reduced Cr content of 6 wt. % has been developed. The alloy composition of the Cr6C9 steel was designed based on thermodynamic calculation in order to avoid the formation of primary carbide as much as possible during solidification. Even though the primary carbide was observed in both the Cr6C9 and STD11 steels, the Cr6C9 steel showed a smaller carbide particle size and a smaller volume fraction of carbides. The tempered Cr6C9 steel showed superior mechanical properties compared to the tempered STD11 steel. The higher values of hardness, impact toughness, tensile strength, and total elongation were the result of the fine secondary carbides' precipitation during tempering due to the higher contents of Mo, V, and W. From the TEM analysis and the thermodynamic calculation, it is considered that M6C and (Mo,V)C carbides with a diameter below 100 nm contributed to the improved mechanical properties of the tempered Cr6C9 steel. 
A new cold-work tool steel with a reduced Cr content of 6 wt. % has been developed. The alloy composition of the Cr6C9 steel was designed based on thermodynamic calculation in order to avoid the formation of primary carbide as much as possible during solidification. Even though the primary carbide was observed in both the Cr6C9 and STD11 steels, the Cr6C9 steel showed a smaller carbide particle size and a smaller volume fraction of carbides. The tempered Cr6C9 steel showed superior mechanical properties compared to the tempered STD11 steel. The higher values of hardness, impact toughness, tensile strength, and total elongation were the result of the fine secondary carbides' precipitation during tempering due to the higher contents of Mo, V, and W. From the TEM analysis and the thermodynamic calculation, it is considered that M 6 C and (Mo,V)C carbides with a diameter below 100 nm contributed to the improved mechanical properties of the tempered Cr6C9 steel.
